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1. INTRODUCTION
This report prepared by TRW Systems Group presents the results of a continuing

performance analysis of the GD/C developed inflight guidance equations for the Atlas/
Centaur Two-Burn flight test missions. TRW Systems performed the study during the
period of February to August, 1965.

This report is based primarily on the equations proposed in GD/C's April, 1965,
preliminary report on the Two-Burn guidance equations (Reference 1), but the simula-
tion was updated several times in accordance with equation flow charts received from
GD/C (Reference 3). The guidance constants are almost all from Reference 1. This
analysis follows a similar effort of & more preliminary nature performed a year ago.
At that time several deficiencies were found with the Two-Burn equations since they
were still in a formative stage. The present analysis however, covers equations
which can be considered reasonably up-to-date.

1.1 Objectives of the Performance Analysis

The primary purpose of this performance analysis is to provide an independent
verification of the Two-Burn guidance equations for injecting the Atlas/Centaur ve-

hicle into a satisfactory lunar trajectory. Subsidiary objectives are:
1) Identify the major sources of performance degradation in the guidance
equations.
2) Determine which perturbations to the mean vehicle characteristics and
environment have the greatest effect on guidance system accuracy.
3) Make a rough comparison of the dispersions obtained from selected
perturbations to the dispersions found by GD/C and presented in Ref-
erence 1.
1.2 Scope of the Analysis
The AC-8 vehicle test flight will be the first Atlas/Centaur flight to use Two-

‘Burn guidance equations to guide the vehicle into a pseudo lunar trajectory. This
mission requires that the Centaur vehicle and a dynamic model of the Surveyor space-
craft be injected into a circuler paerking orbit. The parking orbit for AC-8 will be
for a fixed time period after which the Centaur engines will be reignited and the
vehicle guided into a pseudo lunar trajectory. Since the same or similar equations

will be used for the AC-9 and AC-12 flights with actual Surveyor spacecraft and
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actual lunar impacts, this analysis included the guidance controlled variable length
parking orbit.
1.3 Performance Analysis Plan

The first step in the performance analysis plan was the development of the digital
similations of the Atlas/Centaur vehicle dynamics and the guidance equations. The
second step was to "fly" the guidance equations "piggy back" on an open loop ref-
erence trajectory until most of the programming errors had been corrected. The final
step was to close the guidance loop and allow the guidance constants to fly the
vehicle to lunar impact. This was then called the nominal trajectory and used as
a reference in studying the dispersions caused by various disturbances such as varia-
tions in thrust, vehicle weight, and control parameters. From the tabulation results
a determination was made of the capability of the guidance equations to achieve an
acceptable burnout when disturbances were present.

2. SUMMARY OF RESULTS

The overall performance of the Two-Burn equations and constants was, with the

exception of the heating parameter, satisfactory and will probably meet a specific-
ation similar to that for AC-7 (Reference 2). If significant perturbations are
likely to occur in the parking orbit thrust, the performance will be questionable.

2.1 Performance Results

The performance results are given in Table 2.1 for 26 positive perturbation
and 25 negative perturbations.

The nominal value of the heating parameter olus the average dispersion rss's
add up to 127,967,220 lb/ft which is so close to the 3¢ limit for heating that no
allowance can be made for targeting, computational or hardware effects.

The parking orbit perigee dispersion shows the excellent control obtained with
the continuous altitude control function used. Control of the altitude at parking
orbit injection automatically results in control of the altitude of final injection.

The range dispersions rss is large but this is chiefly caused by the coarseness
of the parking orbit cutoff which used a sample time of 2 seconds. Better control
will be obtained in actual practice.
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The weight and impact dispersions rss's are similar to those obtained by TRW for

AC-6 and AC-7. The primary cause of impact errors was found to be dispersions in the
navigation errors.

Table 2.1
Total Dispersion RSS

Parameters + Perturbations - Perturbations

Heating Parameter 23,428,000 1b/ft 17,252,000 1b/ft

Parking Orbit Perigee 9,638 ft 8,621 ft
Injection Altitude 5,854 £t 4,859 ft
Injection Range 121,526 ft 102,854 £t
Injection Perigee 2,370 ft 1,999 ft
Injection Weight 127 1b 147 b

. Time of Impact 132 sec 116 sec
Impact Velocity 0.500 m/sec 0.438 m/sec
Impact latitude 0.419 deg 0.477 deg
Impect Longitude 1.850 1.641 deg
Miss Only FOM 0.386 m/sec 0.35k4 m/sec
Miss Plus Time FOM 1.141 m/sec 1.030 m/sec

2.2 Major Disturbances

Based on the dispersions obtained during this study (and in particular on the pay-
load and FOM dispersions), the 10 most serious perturbations in order of their sig-

nificance are:

Perturbation A Weight FOM
Cen‘ba.urﬁIs 92.1 1b .270 m/s
Tailwind + 71.0 1b .271 m/s
Booster I_ 46.9 1b .149 m/s
Headwind - 24,7 1b 450 m/s
Sustainer ISp 29.4 1b .387 n/s
Fuel Tanking 25.7 1b .310 m/s
‘ Booster Pitch Program 28.6 1b .238 m/s
Centaur Weight 29.2 1b .222 m/s
Sust. Jet Weight 27.7 1b .240 m/s
Booster Thrust 15.2 1b .258 m/s
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Overshadowing all of these in potential sensitivity is the parking orbit thrust per-
turbation. Until a magnitude for this perturbation is agreed to however, its true
relative significance cannot be established. The primary causes of excessive
heating are the booster pitch program and atmospheric density dispersions.

2.3 Equation Weaknesses

Although the latest version of the Two-Burn guidance equations are vastly im-
proved from those exsmined a year ago some problems still exist.

The excessive heating is not basically a guidance equatfon problem but a problem with
_the booster pitch progran;

The major weakness of the present equations is their inability to accept acceler-
ation inputs in the parking orbit. Although this is not a design weakness (they
were designed to do this),it will cause significant impact errors.

The large magnitudes of the navigation errors encountered in a Two-Burn mission
are a weakness for which no obvious cure is available. Although the navigation
errors themselves are not particularly sensitive to the perturbatibns, their large
magnitude causes the resultant dispersions in the errors to be significant and
cause apprecisble time-of-flight errors.

Some difficulty was encountered in obtaining smooth operation from the yaw
steering around the antipode. This was due in part to the use of the energy-to-be-
gained which is switched near the antipode and partly to unfitted gains.

One logic problem involves the 120 second delay after MECO 1 prior to switch-
ing to the parking orbit navigation equations. A certain time period is required for
the 100 1b ullage rocket thrust. This is the basic purpose of the 120 second
delay. However, the minimum parking orbit time of 2 minutes cannot be met without
risking exiting the parking orbit navigation equations without entering them. This
would remove the sigmator components of posit ion and velocity destroying the navi-
gation. GD/C is aware of the possibility and has several ways of correcting it de-
pending on how the parking orbit thrust profile is finally settled.

3. METHOD OF ANALYSIS

The approach used for the performance analysis of the Two-Burn guldance equations

is described in this section. Sufficient details are provided to judge the wvalidity

of the conclusions.
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3.1 Simulation Program

The analysis of the performance of a set of guidance equations requires a com-
plex similation composed of several subroutines. A functional description of the
three major subroutines follows.

3.1.1 Guidance Equations
The gulidance equations to be studied are programmed for simlation on a general

purpose digital computer. The type of simulation used in this analysis is called a
"hardware" simulation meaning that the guidance equations are used in almost the
same codeable flow-chart form as would be used for programming the flight computer.
However, the exact cycle times, scale factors, word lengths, etc., are not duplicated;
Instead the full capabilities of a general purpose computer are used. Interfaces
for steering controls, discrete outputs and the velocity and attitude inputs are in-
cluded in the simulation.

The "hardware' simulation used in this performance analysis was based on the
guidance equations and flow charts presented in Appendix C. These equations were
programmed for the IBM 7094 computer to be used in conjunction with the vehicle
dynamics simlation.

3.1.2 Vehicle Dynamice Simulation

This program similates all of the known forces acting on the vehicle and inte-
grates the resulting accelerations to obtain the vehicle's position and velocity.

It requires detailed models and data describing the physical characteristics of the

vehicle as well as its environment.

Examples of the data necessary are those related to the latest NASA gravita-
tional model and fundamental constants, the Patrick AFB atmospheric model to 300,000
ft. altitude, the vehicle propulsion system models, the vehicle aerodynamic charac-
teristics, planetary ephemeris data, etc.

This program known as the "SNS Program' simulates very accurately the true
motion of the missile and spacecraft from the time of launch until lunar impact.
Much of the data used to represent the vehicle configurations were not used because
of an attempt to remain compatible with the guidance constants obtained from GD/C,
which were derived with a simplified vehicle model.
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3.1.3 Control System Simulation

In order to simulate the dynamics response lags of the vehicle to guidance
steering commands, a simple autopilot model was devised. This model compares the ex-
isting vehicle attitude to the desired attitude and generates a steering signal pro-
portional to the angular difference.

3.2 Determination of the Reference Trajectory

The simlation subroutines are combined into one program which with the proper
guidance constants and launch conditions will simulate a nominal flight of the vehicle
to & lunar impact. The normal method for obtaining the correct constants is to first

fly the vehicle dynamics simulation without guidance control using a fixed pitch
program for steering control. The launch time, launch azimuth and pitch rates are
then adjusted until the desired impact is achieved. Then the guidance is added in an
open loop mode to determine the guidance values of position and velocity which in-
clude the truncation and gravity model errors. From this data many of the guidance
constants can be found analytically. The remaining guidance constants are found

by iterations with the closed loop combination of the guidance and dynamics simula-
tions. The result is a closed loop nominal trajectory.

In this analysis the sequence was varied somewhat in that the simulations were
constructed and checked out in this manner but almost all of the guidance constant and
launch date, time and azimuth were changed to agree with GD/C constants provided in
Reference 1. The result is a minor mismatch of simulation and dynamics since the
GD/C constants were obtained using a quite different simulation model.

3.3 Disturbance and Dispersions

The final and most important phase of the analysis was to determine the capab-
ility of the guidance equations to maintain an acceptable impact when the trajectory
is affected by various changes to the vehicle and atmospheric models. A list of
anticipated 30 disturbances was compiled from References 1 and 2 (see Section 7).

The guided flight simulation is subjected separately to each of the disturb-
ances. The resulting dispersion in the injection conditions and impact are the
desired results. The dispersions were studied to determine the most troublesome
and the possible improvements in guidance equations and targeting which might be
made to provide better control in the presence of disturbances.
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L4, APPROXIMATIONS IN THE STUDY
The approximations and modifications in the various similations were made on the
basis that the real world can be represented with sufficient accuracy without devel-

oping more precise models. This section of our performance analysis discusses these
modifications and approximations.

k.1 Vehicle Model Approximations

The simulation model of the wvehicle contains many implicit approximations. Prior
experience has shown that none of these approximations seriously degrade the accuracy

of the simulation while they do save computer memory and simplify the program. For
instance, the Centaur engine model is simulated as a simple fixed thrust, fixed weight
flow device. Although an elaborate engine model exists for the Centaur engines, it
has been found that it adds little to the significance of the simulation but requires
considerable additional memory capacity. Similar statements apply to the thrust
build-up and decay impulses, the control Jjets and lubrication oil mass flows and the
general tabular entries for center-of-gravity, center-of-pressure locations, tanking
pressures, etc.

4.2 Trajectory Approximations

In this analysis the nominal trajectory is what occurred when GD/C's constants
and equations were used in the simulation. Since the resultant trajectory had a 90
n. mi. parking orbit, a true anomaly of about U degrees at injection, a satisfactory
burn-out-weight and impacted at a reasonable spot on the moon, no attempt was made to
refine the trajectory.

4.3 Guidance Equation Approximations

Several approximations snd modifications were made in the guidance and control
system simulations. These changes and the reasons for them are discussed below.
4.3.1 Control System
The simulation of the control system requires consideration of the rotational dy-

namics of the vehicle as well as the translational dynamics normally simulated. The
accurate numerical integration of the rotational equations of motion requires a sig-
nificantly shorter integration step size than the translational motion integration re-
quired because of the dynamicsl ranges involved. Thus, the computational step size
for the entire simulation must be decreased significantly when the full control system
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simulation is used. Since running time on the IBM 7094 would be increased by over a
factor of 10 if the Atlas/Centaur control system were simlated and since many cases
must be similated for a detailed performance analysis, it is not economically feas-
ible to use the control system simmlation except for special cases. For this reason
& compromise simulation was used which provided a steering signal proportional to
the steering error without requiring excessive memory space or reduction in cycle time.
4.3.2 Computation Step Size
The cycle time required by the actual fiight computer depends on the number of

computations required per cycle. This varies for different phases of the flight. In
this simulation a 1 sec cycle time was adopted for the booster and sustainer stages,
1.25 sec for both Centaur burns and 2.0 sec for parking orbit. These cycle times should
be small enough to give realistic truncation errors.
4.3.3 Sigmator Simulation
In the flight computer a special section called the sigmator is used both to

accumulate the measured velocity pulses from the accelerometers and to perform real-

time rectangular integration of these pulses to obtain the corresponding position.
Rather than simulate such a system, the dynamics simulation was programmed to provide
equivalent outputs to the guidance at each cycle of computation by using the velocity
and position resulting from all nongravitational accelerations. These positions and
velocity data are more accurate. than the sigmator data would be.
4.3.4 Inertial Measurement Unit (IMU) Simulation
In the actual guidance system, the inertial instrument outputs must be corrected

for instrument scale factor, bias and nonlinearity by a set of 'd' coefficients. In
this simulation, however, the instrument output (from the dynamics simlation) is ac-
cepted as ideal with unity scale factor and Ha'bias¥or. nonlinearities. This permits
program simplification and detracts nothing from evaluation of the guidance equations.
4.3.5 Deviations from GD/C Guidance Equations
The Two-Burn GD/C guidance equations given in Reference 1 and updated in reference

3 were not programmed exactly for this simulation. The major change is that the phase
branching was altered to permit the use of previous TRW programming. Functionally the
program is similar but the switching logic varies.
4.3.5.1 Initial Computations
All launch-on-time polynomials were simulated exactly. Many initialization cons-

tants were not required because the initial values for iterative square roots were not
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needed. -
4.3.528+5Navigation Computations
The basic navigation equations were simulated exactly. However, because a sigma-
tor was not simulated a method had to be devised to zexro the sigmator output during
parking orbit and effectively reinitislized at the beginning of second burn. To
accomplish this four branches were provided. The first is used throughout first burn
and transmits the dynamics sensed velocity and position to the guidance. The second

zeros these guidance inputs during parking orbit. The third is used for one cycle
only, to record the initial value of sensed velocity and position for second burn. The
last branch converts the dynamics output to give the effect of having rezeroed the
sigmator at the beginning of second burn.
4.3.5.3 Coordinate System and Phase Branch

The coordinate system equations used are the same as those used by GD/C but
the yaw steering computations are included at this point rather than later. Func-
tionally this does not affect the similation. The phase branches are changed sig-
nificantly from those shown by GD/C in their latest charts but the sequence of cal-
culatione is not affected. A different branching was used in this simulation only
to avoid changing the basic structure of an earlier similation which was used in con=-

structing this one.
4.3.5.4 Booster Phase
The booster program is functionally identical to that of GD/C.
4.3.5.5 Sustainer Phase
The organization of the flow diagrams for the sustainer phase guidance is con-
siderably different than that of GD/C but with the exception of the lack of a back-
up SECO discrete it 1s functionally the same.
4.,3.5.6 Centaur First Burn Phase
The Centaur first burn guidance equations are functionally the same as those of
GD/C with the exception of the cut-off routine count-down loop. In this simulation
the MECO discrete is issued by checking the flight time against the desired cut-off
time with successively smaller time steps.
4.3.5.7 Parking Orbit
Except for branching techniques and telemetry all of the GD/C functions for the
parking orbit are performed by this similation.
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4,3.5.8 Centaur Second Burn
The second burn Centaur program is functionally the same as that of GD/C.
4.3.5.9 Post Injection Phase
The post injection simulation is the same as GD/C's except that no steering is
permitted. This is done because the simulation is mechanized in such a way that this
maneuver would ruin the trajectory of the spacecraft.
4.3.5.10 Cutoff Routine
The two major differences in the cutoff routine are the absence of the sigma-
tor countdown loop and the subroutine exit logic. These functions are handled in a
different manner in this simulation.
4,3.5.11 Steering Subroutine
There are no functional differences in this subroutine.
5.  PERFORMANCE CRITERIA
The basic performance criteria used for analysis of the two-burn equations
were the impact miss, payload capability and Figure-of-Merit (FOM). In order to be
able to compere data from this analysis to the GD/C results additional criteria for
both parking orbit and final injection were adopted.
5.1 Figure-of-Merit
The FOM's used in this report are not true FOM's in the sense of numbers derived
from sensitivity coefficients. They are, however, useful in providing a rough over-

all measure of the effect of the perturbations. They can be envisioned as coarse
estimates of the magnitude of velocity correction required 20 hours after final in-
Jection. The relations used are:

FoM1=R8 V (AMTﬁ+ (. ALONG)? cos” 1at
TF - 72,000

s . " - .= 2
FoM2= V(8B R+ (55 T)° + (ar VEL_ )
" - 72,000
Where R = Selenographic Radius at impact in meters

AIAT = Error in selenographic latitude in radians
ALONG = Error in selenographic longitude in radians
Cos IAT = Cosine of nominal selenographic latitude
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TF = Time from final injection to impact in seconds
0B » R = Error in B « R direction in meters
AB * T = Error in B ¢ T direction in meters
AT = Error in arrival time in seconds
VEL_ = Hyperbolic impact velocity in meters per second.
When comparing to the GD/C results in Reference 1 the relation given in their
report was used.

MS = VLAB « R)° + (B - 7)°
TF - 72,000

5.2 Impact Criteria

Four perameters were used as criteria for the impact errors. The physical miss
of the target is shown in terms of selenographic latitude and longitude errors. The
selenographic coordinate system being referenced so that zero degrees latitude is at
the lunar equator and zero degrees longitude is on the mean earth moon line (Sinus
Medii). Two other parameters used to judge the impact control are the time-of-arrival
and the impact velocity. The time-of-arrival dispersion is the difference in the
Greenwich mean time and not of time in free flight.

5.3 Final Injection Criteria

The primary criteria used at final injection is the dispersion in the Centaur

burn-out weight. This parameter measures the payload capebility control.

The perigee, altitude, circular range and vis-viva energy dispersions are all
measured in terms of actual vehicle dispersions and not guidance measured values.

The references for altitude measurements is an analytic sea level radius based
on latitude and ellipticity. The reference for perigee is the mean radius of the
referenced geoid. The combination of the altitude and circular range dispersions
allow a measurement of the ability of the guidance equations to control the location
of final injection. This also established their ability to keep the final injection
centered in the "injection box" for which the required velocity polynomials are de-
signed.
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5.4 Parking Orbit Cutoff
An artificisl parameter ¢ was devised to show the effect of perturbations on

the parking orbit without the sampling effects of the computer cycle time. The
parameter ¢ is an angle which exists between the radial position vector at cutoff
and the nominal radial position vector if the computer operated on a continuous
rather than sampled time basis. The angle is given in lO5 radians. To obtain a
feel for magnitude significance,a ¢ of 238 is equivalent to 2 sec of coast time or
7.786 n. mi. of circular range. It is important to remember that because of the
computer sampling, the cutoff 1s more accurste than this data might indicate and
also the more often the sampling occurs the more sccurate the cutoff will be.

5.5 Parking Orbit Injection

Two parameters were used as criteria for parking orbit injection. The first is

the serodynamic heat acquired during the ascent through the atmosphere. It is obtained
from the expression,

Hy = jQ Va dt
where Q is the dynamic pressure

Va is the airspeed.

The dispersions in HA should be a reasonably good indication of how well the
pitch profile is controlled.

The second parameter is the parking orbit perigee. A minimum perigee altitude
of 86.5 n. mi. has been established as the point at which drag will become excessive.
The dispersions given are true vehicle perigee dispersions not guidance values.

6. GUIDANCE CONSTANTS

An attempt was made in this analysis to use all of the guidance constants given

by GD/C in their Two-Burn report (Reference 1). However, seven constants
were changed, five added and 13 not used (see Table 6.1).

All of the initial guess constants (I7, I8, I9, I10, K20, K23) and the two
iteration controls (I12, E17) were not required because the simulation used the IBM
7094 square root algorithm. All of the remaining constant changes were required to
update the guidance equations in accordance with Reference 3.
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GD/cC

TRW  Title . GD/C Value TRW Value
I7 - Initial guess for an 4.5 N.A.
18 - Initial guess for Y 20,000 N.A.
I9 - Initial guess for vrt 20,000 N.A.
110 - Initial guess for f 20,000 N.A.
2 - Number of f iterations 2.0 N.A.
E5 - Sustainer integral steering 25.0 N.A.
E7 - Centaur one integral steering 31.0 N.A.
El2 - Centaur two integral steering 55.0 N.A.
E1i7 - PIJ number of f iterations 10.0 N.A.
K20 - Initial guess for f 15,000 N.A.
K23 - Initial guess for f 36,000 N.A.
Fl1l - Orbit cutoff bias 0.596x1073 N.A.
J32 - V.. coefficient for e O.h209331x10h N.A.
E6 E8 Guidance SECO Detector 0.1 100.0
E9 E10 Centaur one MECO backup 340 L3k
E16 E17  PLJ retromaneuver 204 65
K13 K17 Radial Velocity bias 12 8
K18 K12  Yaw steering gain - antipode 0.155x10"0 0.1h333x10-h
J25 J38 Nominal Rm polynomial 21,501, bk 21,505,343
J26  J38  Nominal R polynomial 0.5595u4468 21,505,343
- ET Yaw steering antipode control - 0.03
- El2 Integral steering limit - 0.006
- E1lk4 100 1b thrust timer - 120
- J32 Perking orbit cutoff backup - 2100
- J33 Parking orbit cutoff backup - 0
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The reference 3 changed the integral steering technique (ES, E7, El2, new El2),
the yaw steering (K18, new ET), the V. polynomials (732, J25, J26) and the timing
references (E6, E9, E16), added 100 1b thrust phases to the parking orbit (New E16)
and modified the perking orbit cutoff (Ell, J32, J33).

The radial velocity bias constant K13 was changed somewhat arbitrarily.
Apparently with GD/C's simulation models the value of 12 ft/sec gives satisfactory
results since they have used it several times. However, in TRW's simulation models
this value gives a resultant real world radial velocity of 3 ft/sec instead of zero.
Since previous independent guidance constant generations had given more satisfactory
results with 8.0 ft/sec, this value was substituted.

The values of several guidance constants were changed for individual perturbations
runs in some cases. The 114° launch azimuth 7 December trajectory had a nominal park-
ing orbit time of 94 seconds. This was too short for the standard value of Elk (120
sec) so 1t was reset to 60 seconds for these runs. The 90° launch azimuth 21 October
run had too long & parking orbit (1800 sec) to allow play around the backup cutoff
(J32). ‘Therefore for these runs J32 was reset to 2500 seconds. It was also neces-
sary to reset the energy level (E1l5) for entering second burn cutoff on three of the
perturbation rungs. The energy apparentl& changed too rapidly on these runs for the
standard GD/C value of 13,000,000 f"cz/seca, so for these cases E15 was reset to
14,000,000 ££°/sec2.

The 11ftoff times used in the simlation were obtained by telephone from GD/C.
They were:

21 October 90° 40,096.500 sec
102° 46,967.842 sec
114° 53,901.622 sec

T December 90° 23,742,966 sec
102° 28,401,900 sec
114° 31,197.018 sec
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7.  PERTURBATIONS
An attempt was made in this analysis to use the same perturbations as GD/C and

apply them in a similar manner. Two different sets of perturbations were used. One
reasonably complete set is similar to those used by GD/C for their AC-T performance
analysis (Reference 2). A second set is similar to the abbreviated set used by GD/C
in the preliminary AC-8 performance analysis (Reference 1). Since most of these
perturbations have been adequately discussed elsewhere (Reference L), only the parking
orbit and composite dispersions will be discussed here.

T.1 Parking Orbit Perturbations

Two perturbations were used for parking orbit. The ullage rocket thrust was per-
turbed by * 1 1b and the parking orbit termination was perturbed by t 2 sec.

The one pound thrust change was selected arbitrarily because it was not believed

to be a significant perturbation. Subsequent study has indicated that the actual
thrust variation for each engine is about 5%. In addition the atmospheric drag at
this altitude should be accounted for and this can vary as much as 0.2 pounds. Based
on this data s perturbation value of about 0.24 pounds would seem reasonable for
future analysis.

The * 2 sec parking orbit cutoff perturbation was performed to determine the
maximum effect of the computed cycle time increment on the cutoff. The perturbation
was applied by changing the two guidance constants (J36 and J37) Just enough to cause
the cutoff to jump one compute cycle.

T.2 Composite Perturbations

Four composite perturbations were used in this analysis. The first was an Atlas
liftoff weight composite. In order to perturb the Atlas liftoff weight correctly in
the TRW simulation, some of the mass added is dry weight and some fuel and lox weights.
GD/C's similation apparently automatically apportions & lumped mass into the correct

proportions of dry weights and propellants and they therefore do not define the "Atlas
liftoff weight * 1574 1bs" given in Reference 1 further. In order to have a liftoff
welght perturbation for a rough comparison to GD/C the four independent mass perturb-
ations used in the AC-7 performance analysis (Reference 2) were combined into one

composite.
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Atlas Liftoff Weight

Atlas fuel tanking + 875 b
Atlas lox tanking + 1300 1b
Booster Jettison weight + 93 1b

Sustainer Jettison weight + 285 1b

This perturbation is applied as an increase of 2553 1b in liftoff weight - 285
1b of dry weight, 875 1b fuel and 1300 1b lox. The weight lost at booster jJettison
is increased by 93 1b. The sustainer jettison weight is carried up to Centaur sepa-
ration.,

The remaining three composite perturbations were used to test the sensitivity
of the guidance equations across the launch window. The high and low composites are
direct opposites and are composed of the following independent perturbations:

High Composite Low Composite
Booster Pitch Program - 5% + 5%
Booster Thrust + 3000 1b - 3000 1b
Sustainer Thrust + 855 1b - 855 1b
Sust/Cent Thrust Misalign (Pitch) + 424 1b - 424 1b

The lateral composite perturbation was to the right and was made up of two inde-
pendent variations

Right Composite
Launch azimuth + 2 deg
Sust/Cent Thrust Misalign (Yaw) - 2 deg

8. RESULTS OF THE PERFORMANCE ANALYSIS

Inserting the perturbetions discussed in Section 7 into the closed loop simu-
lation caused a corresponding set of dispersions. These dispersions are tabulated
in Tebles 8.1, 8.2, 8.3, and 8.4, The data listed in the tables are in agreement
with the performance criteria discussed in Section 5. All data shbwn is for a
launch date of 21 October 1964 on a launch azimuth of 102 degrees unless other-
wise stated. ”
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8.1 The Complete Performance Analysis

Tables 8.1 and 8.2 1list the dispersions caused by a complete set of positive and
negative perturbations respectively. The data is grouped into types of perturbations
(i.e. propulsion, mass, etc.) and the various times in the flight. The root-sum-
square, rss, for each of the groups and the total number of dispersions is given.

For an overall effect of both positive and negative perturbations, the corresponding
dispersion rss's can be averaged. The parking orbit dispersions were not included
in the overall rss because the magnitude of the perturbation has not yet been agreed
to with GD/C.

8.1.1 Atmospheric Heating Dispersions

The perturbations which caused the most significant heating dispersions were
predictably the Booster Pitch Program and the Atmospheric Density. The nominal heat-
ing limit is 108,000,000 1b/ft and the nominal trajectory heating is 107,636,220
1b/ft. The 3cheating limit is 128,000,000 l'b/fb which is Just slightly more than
sum of the nominal heating and the average rss dispersion magnitude 127,976,220 lb/
ft. Thus the trajectory design is Just within the heating limits. The guidance

. equations and constants actually have little to do with the heating since on the nomi-
nal flight the accumulated heat is already 106,145,203 lb/ft prior to admitting
guidance steering.

8.1.2 Parking Orbit Perigee

The first burn altitude control function provides excellent control of both the
parking orbit injection altitude and perigee. Although only the perigee dispersions
are given, the altitude dispersion differed by only tens of feet. The three largeét
dispersions were caused by the Centaur thrust, Centaur weight and Hold Down Time. The
Hold Down Time dispersion ‘is‘ probably caused by the flight. time dependence of the al-
titude qontrol function. The difference in the perigee rss and the altitude rss was
61 ft.

8.1.3 Parking Orbit Cutoff
The dispersions of the parameter ¢ indicate the relative effect of the perturba-

tions on the cutoff independent of the computer sampling interval. With the 2 sec
sampling time used in parking orbit the cutoff was quite accurate in most cases. With
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a shorter sampling time corresponding improvements can be expected. The influence
of the perturbation however, remains fixed. The five most significant perturbations
are in order; rhe Hold-Down Time, the Tallwind, the BECO Discrete, the Booster
Pitch Program, and the Centaur weight. The accuracy of the cutoff is primarily af-
fected by time, velocity and range errors at injection into the parking orbit. Figure
8.1 is a plot of range angle versus time showing the cutoff points for three perturbed
runs and the nominal run. Note that the BECO perturbation even though it has a
large influence on the cutoff, cuts off at almost the same range angle as the nominal
run. On the other hand the Lox Tanking perturbation while not having as much in-
fluence, cuts off at a significant distance from the nominal cutoff (but exactly on the
desired cutoff). Results of this type indicate that the simulation should use a pre-
cise parking orbit cutoff and account for @pprecision in the cutoff by adding an
additional perturbation equivalent to one éample time.
8.1.4 Final Injection Altitude and Perigee

The most interesting feature of the dispersions for final injection altitude and

perigee is that the perigee dispersions are much smaller than the altitude dispersions.

Both dispersions are small compared to the Direct Ascent method (Reference 2). The
only significant dispersion which might be unexpected was the Hold-Down Time. This
is apparently a secondary effect of the dispersions in parking orbit cutoff.
8.1.5 Final Injection Range
The dispersions of the circular range at cutoff are primarily dependent on the

precision of the parking orbit cutoff. This is natural since the duration of the
second burn is essentially fixed by the energy cutoff. Thus perturbations which
cause large parking orbit cutoff dispersions may cause large range errors. However,
because of the sampled nature of the parking orbit cutoff this was not necessarily
true. Here also a decrease in the sampling interval on the parking orbit cutoff will
improve the range dispersions. Since the altitude dispersions are small, an improve-
ment in the range dispersions will reduce the variations in the radial required ve-
locity giving more uniform results.

8.1.6 Final Injection Vis-Viva Energy

The injection energy dispersions shown are the true vehicle energy dispersions.
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For this trajectory it can be seen that the impact errors and FOM are strongly cor-
related to this parameter:. Iowever, the true energy dispersions can only be partially
controlled. The guidance equations attempt to cutoff the engines when the guidance
energy has reached a desired value. The present equations do this well, the worst
dispersion in cutoff being 4200 fta/secz. The other contributor to vehicle energy
dispersions is the dispersion in the navigation error and this is uncontrolled. The
magnitude of the dispersions (normally 100 ft and 0.1 ft/sec) make it unlikely that
it will be controlled. Of particular importance is the navigation error dispersion
caused by the guidance equation lock-out of the parking orbit thrust accelerations.
The basic 4 1b. thrust effect is accounted for in targeting but as the 1 1lb. pertur-
bation shows, changes to the thrust level result in large navigation error dispersions
‘and.; large injection energy dispersions. For information purposes a plot of the navi-
gation errors for the nominal trajectory is given in Figure 8.2.

8.1.7 Final Injection Vehicle Weight

As a class the negative dispersions are worse than the positive dispersions. This

is primarily due to the larger dispersions:for negative Booster Pitch Program and Tail-
wind perturbations than for the Headwind and Positive Booster Pitch Program perturb-
ation. It should be noted however, that the Booster Pitch Program perturbation de-
tracts from the payload capability in both directions. The overall weight dispersion
rss's are competitive with those reported by GD/C for the AC-T Direct Ascent (Ref-
erence 2). As for AC-7, the ISP and Tailwind perturbations have the most significant
dispersions.
8.1.8 Impact Time of Arrival
The dispersions in the impact time are directly correlated to the dispersions in

true injection energy (see Figure 8.2). Minor deviations from this relation can be
traced to changes in the trajectory orientation.

It is significaent that the rss of the dispersions is about three times worse
than those given for AC-7 (Reference 2). Since both sets of guidance equations use
the same cutoff technique the difference is probably due to navigation errors. This
would be reasonable in view of the short guided flight time of the direct ascent mis-
sion (680 sec) compared to that for this flight (2135 sec).
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8.1.9 Impact Velocity
The impact velocity dispersions are also strongly correlated to the injection

energy dispersions (see Figure 8.4). Lack of exact correlation is again attributed
to orbit orientation changes.

8.1.10 Tmpact Miss
The impact latitude and longitude dispersions are largely caused by dispersions

in the injection energy and in orbit reorientations caused by azimuth perturbations.
Figure 8.5 shows that most of the longitude dispersions are tightly correlated while
the latitude dispersions are quite loose, some being far off the correlation line,
This is explainable in terms of the impact plot (Figure 8.6) which shows that the
longitude error is mostly the miss magnitude while the latitude error is more sus-
ceptible to trajectory orientation changes. The impact plot shows that most of the
dispersions fall along the intersection of the trajectory plane and the lunar surface.
The three major exceptions are the launch Azimuth, Thrust Misalignment in Yaw, and
Crosswind dispersions which have large effects on the orbit orientation. Generally
dispersions with high injection energies arrive early and impact ahead (East) of the
target, while low energy dispersion impact behind the target.
8.1.11 Figure-of-Merit
The FOM's for this Two-Burn trajectory are three to four times larger than those

for the AC-T7 Direct Ascent trajectory discussed in Reference 2. This does not seem

to be caused by sensitivity to particular perturbations as much as the result of

random effects from second burn cutoff errors and navigation error dispersions.

Figures 8.7 and 8.8 show the strong dependence of FOM on the injection energy dis-
rersions. As noted previously the dispersions from azimuth perturbations do not fit the
general energy dependence pattern because of orbit orientation changes.

Of particular interest are the FOM's caused by the parking orbit thrust perturb-
ations. Tables 8.1 and 8.2 show that miss-plus-time FOM's of 9 m/s can be expected
with a 25% perturbation in the parking orbit thrust. Recent estimates of the dis-
persions using more accurate perturbations indicate that these FOM's will be closer
to 2 m/s. This means that this will be the most significant software perturbation.
Current GD/C computations of the miss-plus-time FOM which would be encountered if
the type 177 accelerometers were allowed to sense the thrust acceleration are about

5 m/s for this length of coast.
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8.2 Comparison of Results to GD/C Performance Analysis

In Reference 1, GD/C reports on a performance analysis with selected perturb-
ations for the 21 October 1964 and 7 December 1964 launch dates. In order to cross
check the TRW simulation performance using the GD/C constants, the GD/C analysis for
the 102 degree launch azimuth on 21 October 1964 was repeated. Table 8.3 gives a
comparative list of both GD/C and TRW results. The comparison is generally quite

good except for the MCR's.

The disagreement in MCR's between TRW and GD/C is not unusual since this param-
eter is most sensitive to differences in the simulations. GD/C and TRW undoubtedly
have minor differences in the vehicle models and dynamics imulations. The sustainer
ISp dispersions are probably a good example of this since they are heavily dependent
on the vehicle weight, propellant tanking, and SECO criteria. The Atlas lift-off
weight dispersions are caused by the different methods of applying the perturbation
as discussed in Section 7. The major point to remember here is not that TRW is try-
ing to obtain identical results to GD/C but that we are trying to establish whether
the TRW simulation exhibits similar guidance equation control of the dispersions. The

’ fact that Table 8.3 does show equivalent control even though there are differences
in the two simulations should give more confidence in the two performance analysis.

One problem that did raise some doubts was yaw steering control. TRW obtained
the latest configuration of yaw steering by using the equations from the latest flow
diagrams (Reference 3) and modifying the GD/C constants from Reference 1 to fit.

This most likely resulted in the incorrect yaw gain. The equation performance was
correct in that it nulled the éy parameter but the dispersions caused by azimuth
perturbations indicated that this may not be enough. Table 8.4 shows the GD/C and
TRW dispersion resulting from application of launch azimuth perturbations to three
different launch azimuths for 21 October 1964. Notice that the altitude and weight
dispersion agree very well but the MCR's are significantly different. This would
seem to say that the method used in Reference 3 is not as good as that used in
Reference 1 or that TRW's yaw gains are not good enough. In any case the dispersions
in V. (essentially out of plane velocity) are significant at injection (* 55 ft/sec).

The yaw gain switch near the antipode was not a smooth transition. Although

the gains were calculated to complement each other, the transition is affected by a change
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in the value of € near the antipode. As a result there are some significant yaw
transients at the start of the second burn.

8.3 launch Window Study

A very brief check was made of the launch-on-time polynomials for both the 21
October 1964 and 7 December 1964 launch dates. This was accomplished for launch
azimiths of 90,102 and 11k degrees on both launch dates using the launch times given
in Section 6. Figure 8.9 is a plot of the six lunar impacts The large dispersion
in the 21 October 1964 launch data was later founml to be caused by e guidance constant
change by GD/C after targeting was completed. The 7 December 1964 launch date gave
mich better results Table 8.5 shows the dispersion data for both launch dates All

dispersions are referenced to the nominal parameter values for the launch date and
azimith considered Of particular interest is the large payload dispersion caused by
the Low Composite perturbation. This result could not have been predicted by com~
bining the individual dispersions included in the Low Composite. The uncomfortable
conclusion drawn from this is that the rss summary is not necessarily a good indica-
tion of possible worst case problems. No impact data is shown for two of the T De-
cember 1964 Low Composite runs because a simulation problem in these runs caused a

poor cutoff at final injection.
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Table 8.4
Launch Azimuth Dispersion Effects
Launch Date 21 October 1964
Desired Actual
Launch launch Analysis First MECO Injection MCR
Azimth Azimath by AR A Weight Miss Only
(Deg) (Deg) (£t) (1bs) (m/s)
90 88 Gp/c -249 - 7.8 0.121
TRW -293 -7.3 0.095
90 92 Gp/c -170 - 5.3 0.01k
TRW =437 - 5.5 0.126
102 100 Gp/c -547 -11.0 0.017
TRW -579 -10.6 0.125
102 104 GDp/C + 97 - 2.0 0.112
TRW - 26 - 2.4 0.089
114 112 Gp/c -820 -13.7 0.012
TRW -814 -13.1 0.210
11k 116 Gp/c +346 + 0.k 1 0.022
TRW +356 + 0.4 0.098
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9. CONCLUSIONS AND RECOMMENDATIONS
Based on the results presented in Section 8 and the simulation process de-

scribed elsewhere, a number of conclusions can be formulated about the performance
of the Two-Burn guidance equations,

9.1 Conclusions y

The Two-Burn guidance equations simulated in this study exhibited no major
weaknesses. Their performance under the influence of the usual perturbations was
satisfactory.

The current booster pitch program (August 1965) caused excessive aerodynamic
heating in this simulation.

The effect of parking orbit thrust perturbations was found to be more serious
than expected. The one pound thrust perturbation simulated will cause unacceptably
large impact dispersions, which completely obscure any other dispersions.

The large navigation errors encountered in a Two-Burn trajectory result in
significant injection energy dispersions which contribute the largest part of the
impact errors.

The form of the equations simulated is not useable for a two minute parking
orbit and in fact is limited to parking orbits of more than 160 seconds duration.

The combination of yaw steering equations and gain constants used in this simu-
lation will cause out-of-plane transients around the antipode, at the start of the
second burn.

9.2 Recommendations

Magnitudes for the parking orbit thrust and drag perturbations should be es-

tablished and used in future Two-Burn performance analysis.

Since the low thrust in parking orbit cannot be eliminated and the sensing
errors of the accelerometers are excessive, the best method for reducing dispersions
from parking orbit perturbations seems to be precise targeting. It may be possible
by use of elaborate models of the atmospheric density and more detailed engine data
to reduce errors from predictable effects if not from random uncertainties.

Methods for reducing the maghitude of the navigation error such as gravity
biases and better integration techniques should be studied.
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When the parking orbit thrust profile has been established (or at least for
AC-9) the parking orbit logic should be adjJusted to prevent loss of navigation
data.

The use of energy-to-be-gained, ¢, in the yaw steering equation should be
re-examined in light of the step caused by the two injection energies used by the
Two-Burn program.
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APPENDIX A

REFERENCE TRAJECTORY

A-1 INTRODUCTION

The Two-Burn trajectory in this analysis consists of booster stage, sustainer
stage, Centaur first burn, coast in & 90 n.mi. circular orbit, and Centaur second
burn. A stored pitch program steers the vehicle from liftoff to booster Jettison.
Guidance 1s then employed for the remasinder of the flight. The primary goal of the
guidance mission is to inject the vehicle into an elliptical trasjectory which will
intercept the moon.

A-2 DISCRETES

The discretes are those commands which initiate a distinct change in one of
the vehicle's functions, such as an engine start or mass Jettison. Those discretes
vhich were of importance to this analysis are described below. They were obtained
from Reference 5.

(1) Booster engine cutoff (BECO) occurs when thrust accelerations (all

accelerations except gravity) reaches 5.7 g. The booster packages
are then Jettisoned 3.1 seconds after the BECO discrete. Booster
thrust decay is similated during this 3.1 second period by a 0.3
second period of full thrust.

(2) Guidance control of the flight is admitted 10 seconds after BECO.

(3) The Centaur insulation penels are jettisoned at BECO + 50 seconds,
and the nose fairing at BECO + 83 seconds.

(4) Sustainer engine cutoff (SECO) and Vernier engine cutoff (VECO) both
occur at a lox depletion level of 380 lbs. or a fuel depletion level
of 350 1lbs. At this time, guidance steering 1is cut off, and the
sutopilot resumes attitude control.

(5) Sustainer jettison (separation) occurs at SECO + 1.9 sec. Boost pump
starting is not simulated except by weight compensations. The Centaur's
main-engine prestart occurs at SECO + 3.6 sec., main engine thrust build-
up (MES) starts at SECO + 8.6 sec., and the engines are at full thrust by
SECO + 9,92 sec.
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Guidance steering is readmitted at the time thrust buildup occurs.

The first Centaur main engine cutoff (MECO) discrete is issued by
guidance when the VIS-VIVA energy has reached a predetermined value
which will allow the vehicle to maintain a 90 n.mi. circular orbit.

No thrust decay was simulated because the GD/C Report (Reference 1)
stated that no thrust decay was used in their simlation which es-
tablished the guidance constants.

The ullage engines are.cutoff{(VEC)) at MECO + 120 sec by the guidance.
At this time the guidance changes the navigation equations to block out
sensed acceleration inputs. A four pound thrust was used for the ul-
lage engines in this simulation since GD/C used 4 1bs. thrust through-
out the parking orbit.

The main engine restart (MES) discrete is issued by guidance when the
vehicle has coasted (with U4 1b. thrust) to the correct central angle
from the target vector. At this time normal navigation is resumed.

Tﬁe k 1b. thrust level is not changed although the weight flow allows
for boost pump operation.

At MES + 46 sec. the main engine chilldown is initiated by increasing
the weight flow without changing thrust.

The main engine thrust buildup is begun at MES + L0 sec.

The main engines attain full thrust level at MES + 41.32 sec. Guidance
steering is not locked out after the start of first burn so it is un-
necessary to readmit it.

The second MECO is issued by guidance when the vehicle has reached the
VIS-VIVA energy required to impact the target. No thrust decay was
similated at this MECO either.

At MECO + 60 sec. the spacecraft is separated and one second later
given an axial spring kick of 0.75 ft/sec.

The simlation is switched from an earth gravity field to & linear
gravity field after 3390 minutes of free flight.
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A-3 NOMINAL TRAJECTORY PARAMETERS
To allow the reader a better understanding of the trajectory studied, three
sets of parameters for the nominal trajectory are given:

(1) Parking Orbit Injection (MECO-1)
Flight Time 569.28822 sec.
Altitude 546,995.00 ft.
Inertial Velocity 25620.69482 ft/sec.
Flight -Path-Angle -.000448227 deg.
Orbital Eccentricity .00082352
Apogee Altitude 96.7142 n.mi.
Perigee Altitude 90.8917 n.mi.
Orbital Period 87.86677 min.
Weight 13861.479 1bs.
(2) Final Injection (MECO-2)
Flight Time 2135.6317 sec.

‘ Altitude 21,511,702 ft.
Inertial Velocity 35911.69238 ft/sec.
Flight-Path-Angle 2.1818943 deg.

True Anomaly L. 4292629 deg.
Orbit Eccentricity 0.97087957
Apogee Altitude _ 235,820.0546 n.mi.
Perigee Altitude 93.8525 n.mi.
Orbital Period : 17682.234 min.
Weight 6462.937h4 1bs.

(3) Impact
Flight Time 4.52.5856 min.
Selenographic latitude -6.4274584 Qdeg.
Selenographic Longitude 322.3956832 deg.
Impact Velocity 8506.457275 ft/sec.
Impact Angle 166.52024 deg.
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APPENDIX B
VEHICLE MODEL

B-1 INTRODUCTION

A vehlcle model 1s required for the general vehicle dynamics simulation.
Sp601flc data for the model used are presented in the following paragraphs.
B-2 MASS PROPERTIES

Mass values were obtained from Reference 5. A liftoff mass of 302,306
1b. is used. During the Atlas sustainer burn, a 7292 1lb. booster engine, 1285 1b.
insulation panels and a 1799 1b. nose fairing are Jettisoned at the appropriate

times. After separation, the Centaur plus payload mass is 36,521 1b.

Tables of CG versus mass were obtained from the TRW Weights Group in January
196k (Reference 6) and have not been updated. The pitch moment-of-inertial tables
were prepared by the same group and used for both pitch and yaw in the vehicle
model.

B-3 PROPULSION SYSTEM

B-3.1 Atlas Propulsion

A detailed Atlas propulsion model using the data in propulsion section of
Reference 6 is used. This model has the two booster engines of 165,000 1b. thrust
each and a sustainer engine rated at 81,000 1b. thfust at sea level.

The booster engine thrust decay (cutoff impulse) is simulated by biasing the
BECO discrete to cutoff 0.3 sec. late. Then all discretes biased on BECO time are
shifted by this amount.

B-3.2 Centaur Propulsion

The Centaur propulsion model is simply a constant thrust of 30,000 1lb. and
a constant propellant flow of 69.3 lb./sec. A detsiled propulsion model is avail-
able (Reference 7). However, the simplified propulsion model should be adequate
for the purposes of this study.

Thrust buildup is approximated by simulating starting impulses equivalent to

the values found in Reference 6.
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B-4  AERODYNAMIC PROPERTIES

The TRW general vehicle dynamics simulation contains the Patrick AFB atmo-
spheric model up to an altitude of 302,000 ft. Above this altitude, aerodynamic
computations are bypassed in the simulation. Therefore the longitudinal and
normal force coefficients and center-of-pressure location tables are used only
during Atlas booster and sustainer powered flight. These data may be obtained
from Reference 8.
B-5.; VEHICLE DIMENSIONS

For aerodynemic purposes the cross-sectional area of the vehicle is 78.5
8q. ft. All locations in the vehicle longitudinal direction are specified by
station number, the distance between two consecutive station numbers being 1 inch.
The Atlas-Centaur engine gimbals station was set at 1212, The Centaur vehicle
engine gimbals station is U453.
B-6  GEOPHYSICAL DATA

B-6.1 Atmospheric Model

The Patrick AFB atmospheric model (Reference 8) was used in the vehicle
dynamics simlation.

B-6.2 Gravity Model

The earth gravity model is obtained from Reference 9.

B-6.3 Launch Site )
Astronomic latitude 28.47117996 deg.
Geodetic Latitude 28.47158288 deg.
Launch Altitude 49.195 ft.*
Geoidal Separation =101 ft.%*
Longitude -80.53824138 deg.
B-6.4 Miscellaneous Constants :
Gravitational Constant o.1u076539x1017ft2/sec2
Average Redius of Spheroid 20,925,738.25 ft.
One n. mi. 6076.103271 fte
One Kilometer . .0003048 ft. (exact)
Earth Rotation Rate .72921152x10'h rad/sec

*  Altitude of the launch pad above mean sea level.
** Geoidal separation is the altitude of mean sea level above the reference ellipsoid.
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‘I" APPENDIX C
TWO-BURN GUIDANCE EQUATION FLOW CHARTS

The following flow charts represent the Two-Burn guidance equations as pro-
grammed for this performance analysis. The significent differences from those
‘ given by GD/C in Reference 1 are outlined in Section 4 of this report.
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